Using the whole body section hybridization technique, we monitored the organ-and age-specific pattern of replication of hamster polyomavirus (HaPV) DNA in a colony of Syrian hamsters, which are susceptible to lymphoma induction. Three phases of viral infection and replication could be distinguished: first, a phase of acute infection characterized by high levels of replication of HaPV DNA in the haemopoietic organs and the liver. This culminated 5 to 7 days post-infection (p.i.); second, at 10 days p.i., a phase of viral clearance became evident; and finally, a third phase reflected both the restriction of HaPV replication in adult hamsters and the accumulation of HaPV DNA at sites of tumour development. A remarkable conformity was observed between the tissue specificity of viral replication and the induced tumour profile: high levels of replication of HaPV DNA were restricted to cells of the haemopoietic system and lymphoid tumours were induced. As shown by in situ hybridization, the viral infection in non-haemopoietic organs was due to the dissemination of HaPV-infected blood cells.
Introduction
Overall genetic organization establishes hamster polyomavirus (HaPV) as closely related to murine polyomavirus (Py) (Delmas eta/., I985; Vogel eta/., 1986) . HaPV is the second example of a middle T antigen-coding polyomavirus. However the tumour profile induced by HaPV is strikingly different from the spectrum observed with Py. HaPV was originally discovered as the aetiological agent of hair follicle epithelioma spontaneously arising in a hamster breed (Zd/BlnA) maintained in Berlin-Buch (Germany) (Graffi eta]., 1967) . Large amounts of virus particles accumulate in skin epithelioma (Graffi et al., 1968) . Inoculation of HaPV particles isolated from skin tumours into newborn Z3 hamsters did not cause significant changes in either the tumour types or the incidence (Graffi et al., I970) . On the other hand the same treatment of newborn hamsters from a different colony (HAP) bred in Potsdam (Germany) induced lymphomas and lymphatic leukaemias in 30-80 % of animals after a short latency period of 4-6 weeks (Graffi et al., 1970) . In contrast, the murine haemopoietic organs seem to be refractory to the tumorigenic action of Py and hair follicle tumours arise as one of several types of tumours after infection of newborn mice with Py (PTA strain) (Dawe et aI., 1987) .
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Fax +49 30 9406 3842. e-mail khaase@orion.rz. mdc-berlin.de HaPV carries the full transforming properties of a polyomavirus in vitro. Primary rat embryo fibroblasts could be immortalized by either the concomitant expression of all three T antigens or the action of large T antigen alone (Goutebroze & Feunteun, 1992) . The combined action of all three T antigens was required to induce focus formation (transformation) in Flll rat cell cultures. HaPV DNA was found to replicate in hamster lymphoid (GD36, SHL) but also in fibroblast (BHK) cell lines (de La Roche Saint Andre et al., 1990) . However, fully reproductive cycles could be detected only in GD36 cells, which released virus progeny over a limited number of passages. Although the cell specificity in vitro is less restricted than the tumour specificity in vivo, the lymphotropism is evident.
One remarkable aspect of the in vivo situation could not be reproduced in any cell context in vitro: in the lymphomas, large amounts of episomally maintained and characteristically deleted HaPV DNA accumulate (Scheme& et aL, 1987) , raising questions concerning their role in the process of tumorigenesis. Interestingly, the epithelial tumours induced in Z3 hamsters also represent a site of accumulation of HaPV DNA. However, these genomes are not defective but wild4ype. The tissuespecific replication of viral DNA may be an important factor involved in the development of lymphoma and epithelioma.
Due to the high incidence of lymphoma induction and short latency period, HaP hamsters represent a favourable subject for studying HaPV infection and replication and their con-sequences for tumour induction. In this report we monitored the organ-and age-specific course of replication of HaPV DNA in HaP hamsters from virus inoculation until the development of tumours. To this end we applied the whole body section hybridization technique, which is perfectly suited to determine the organ-specific pattern of high-level viral replication (Dubensky et aI., 1984a; Southern et al., 1984; Lipkin et al. 1989 ). In addition, the tissue specificity of the viral infection was investigated by in situ hybridization of sections from specific areas of the infected organs. A remarkable haemotropism was observed for the replication of HaPV DNA.
Methods

• Preparation of the virus stock and infection of animals. The
HaPV virus stock was prepared from a pool of epithelial tumours collected from Z3 hamsters. Z3/BlnA represents an inbred strain of Syrian hamsters maintained in the animal facilities of the Max Delb~ck Center for Molecular Medicine (Berlin-Buch, Germany). Virus particles were isolated as previously described (B6ttger et aL, 1971) . Briefly, the tumour tissue was homogenized and the homogenate was fractionated by differential centrifugation resulting in a lO0000g pellet containing the released virus. Subsequently, virus particles were purified by isopycnic sucrose--CsC1 gradient centrifugation. The gradient fraction containing virus particles was dialysed against I x SSC. Several virus preparations were pooled in order to get a stock solution sufficient for all infection experiments. The virus preparation was evaluated by electron microscopic examination of viral particles. Because of the lack of a plaque assay, virus titre was assessed indirectly by comparing the amount of HaPV DNA in the virus preparation with known standards. Fifty microlitres of a virus suspension containing approximately 0"7 x 108-1'0 x I08 copies of HaPV DNA were administered by subcutaneous inoculation into the neck region of newborn HaP hamsters 24 h post partum. HaP hamsters were supplied by Dr A. Windelband (Potsdam, Germany). The infected animals were maintained in laminar-flow cages.
• Preparation and hybridization of whole hamster cryosections. Hamsters were sacrificed by a lethal dose of 200 mg ketamine hydrochloride/kg body weight. For adult hamsters the teeth were removed. The hamsters were positioned horizontally in a specimen mould. The mould was filled with 1% carboxymethyl cellulose (aqueous solution), and then immediately frozen at -80 °C. For sectioning, a cryostat microtome (Cryopolycut; Leica) was used. Three to four series of sagittal sections were collected on tape (Tesa, #1406). Sections for morphological examination (40 pro) were cryodried. Sections for preparation of DNA from defined locations (80 pm) were stored at -80 °C. For hybridization with HaPV-specific probe DNA, 40 ~m sections were transferred from tape to nylon membrane (Biotrans; ICN).
Sections on nylon membranes were pretreated by sequential blotting of the membranes onto 3MM paper (Whatman) soaked with (i) I0% SDS; (ii) 0"5 M-NaOH, 1'5 M-NaC1; (iii) 0'5 M-Tris-HC1 pH 7"5, 1"5 M-NaC1 and (iv) 3 x SSC. The membranes were then air dried and exposed to UV light (Stratalinker). Membranes were prehybridized at 68 °C for 4 h in a solution containing 5 x SSC, 5 x Denhardt's solution (Sambrook et al., 1989) , 100 pg/ml denatured, fragmented herring sperm DNA, 0-I % SDS and 50 raM-sodium phosphate buffer, pH 6"5. For hybridization the solution was changed and I x 10 ° c.p.m./ml of 32P-labelled HaPV probe DNA was added. For the preparation of probe DNA, cloned vectorpurified HaPV DNA was labelled by the random-priming method (Prime a Gene; Promega). Washing was done in 2 x SSC, 0"1% SDS at room temperature and in 0"I x SSC, 0'1% SDS at increasing temperatures up to 65 °C. Dried membranes were exposed to Kodak XAR-5 film for 2,4 h at -80 °C using intensifying screens (standard exposure). Additional exposures for best resolution of signals in the respective organs were done for varying times at room temperature.
• Preparation of tissue sections and hybridization with digoxigenin-labelled HaPV probes. Tissue specimens were removed either from whole body cryoblocks or directly from sacrificed animals. Neonatal whole hamsters and tissue specimens were fixed in buffered 3"5 % formalin for 2 days and subsequently embedded in paraffin wax. Sections (5-8 pro) were cut and mounted on 3-aminopropyltriethoxysilane-coated slides. After deparaffinization and hydration, sections were treated with 20 pg/ml proteinase K for 30 min at 37 °C. Post-fixation was done in 4 % buffered paraformaldehyde for 5 rain at room temperature and followed by treatment with 100 ,g/ml RNase for 1 h at 37 °C.
Hybridization was carried out at 68 °C in a solution containing 2 x SSC, 5 x Denhardt's solution, 500 pg/ml denatured, fragmented herring sperm DNA and 1 pg/ml of digoxigenin-labelled probe. Digoxigenin-labelled probe DNA was prepared from cloned, vectorpurified HaPV DNA using the DIG DNA Labeling Kit (Boehringer Mannheim) according to the standard protocol. After washing in 0-1 x SSC at 55 °C, HaPV-specific hybridization signals were detected using the Nucleic Acid Detection Kit (Boehringer Mannheim) according to the manufacturer's procedure. Sections adjacent to the hybridized ones were stained with haematoxylin/eosin.
• Preparation of total tissue DNA and PCR amplification of HaPV-specific DNA sequences. Tissue specimens for HaPV-specific PCR analysis were obtained in two different ways. Defined areas of the tissues of interest were cut out of 80 pm whole hamster cryosections maintained at --80 °C. Tissue specimens (i.e. lymph nodes) were removed under section and cut into small pieces. The organ pieces were disaggregated in digestion buffer (10 mM-Tris-HC1 pH 8'0, 1 mM-EDTA, 5 mM-NaC1, 1% SDS, 250 mg/ml proteinase K) for 2"5 h at 55 °C, and then total DNA was isolated by standard phenol/chloroform extraction techniques. The DNA was checked and quantified by running samples on 1% agarose gels.
PCR reactions were performed with primers specifically amplifying sequences of the early region of the HaPV genome from position 338 (5' GAGCTCATGCAACAGCTTAATACCC 3') to position 1108 (5' TCCTCGTCACAGGAGGAACTGGAGC 3'). The PCR mixtures contained in a reaction volume of 50 pl: approximately 1 ,g of hamster DNA, 1-25 U AmpliTaq (Perkin Elmer), 200 pM each dNTP, 1 I~M each primer, 10 mM-Tris-HCl pH 8"3, 50 mM-KC1, 1"5 mM-MgCl 2, 0"00I % gelatin. Thirty-three PCR cycles were performed in a Perkin-Elmer Cetus thermal cycler. Aliquots (15 pl) of the PCR products were analysed by electrophoresis in 2% agarose gels (Nusieve 3:1; FMC).
Results
In order to study the organ-and age-specific replication of HaPV DNA throughout the course of infection of HaP hamsters we decided to use the whole body section hybridization technique as the basic method of investigation. This method has several advantages: it permits the simultaneous detection of viral DNA in a large spectrum of organs and hybridization signals can be associated with substructural parts of a given organ. Furthermore, adjacent cryosections may be reserved for other investigations. Nearly 100 hamsters inoculated as neonates with wild4ype HaPV were included in the study of viral replication. At defined time intervals, groups of animals consisting of at least four hamst:ers from two different litters were sacrificed. During the first 2 weeks animals were examined at short intervals, i.e. 1, 3, 4, 5, 7, 10 and J4 days p.i. From 3 weeks till 2 months p.i. animals were collected weekly. In this way we were able to follow up the temporal and organ-specific pattern of viral replication from the very beginning to the main age of tumour incidence. In order to include a large spectrum of organs in the study, a set of sagittal whole body sections of a given animal representing different locations relative to the body axis were hybridized to HaPV-specific probes and autoradiographed as described in Methods. Adjacent sections were used for morphological evaluation of the organs, in particular for the determination of tumour growth.
Replication of HaPV DNA in neonatally infected HaP hamsters is time dependent
From I to 7 days p.i. 26 hamsters were subjected to whole body section hybridization. Twenty-four hours after inoculation, HaPV DNA was detected in the livers of all the animals tested. At 3 days p.i. and later on during the first week strong hybridization signals were detected in a specific set of organs in all hamsters. This set of organs included the liver, spleen, thymus, bone marrow and lymph nodes. Given the intensity of hybridization signals an increase in the amount of HaPV DNA was evident from 3 days p.i. (Fig. 1) obtained by Southern blot analysis of HaPV DNA extracted from organs of infected neonatal hamsters: the amount of viral DNA increased from 3 days p.i. (Mazur et al., 1994) . Thus replication was likely to take place in haemopoietic organs including the liver, which is haemopoietically active in neonates. According to our autoradiographic data the replication of HaPV DNA peaked between 5 and 7 days p.i. All hamsters investigated between 3 and 7 days p.i. displayed the same pattern of organ specificity of the viral infection, showing high amounts of HaPV DNA in haemopoietic organs and the liver. In the same time interval weaker hybridization signals were observed in the kidneys and the lungs at a frequency of 0"7 (number of positive cases divided by the total number of hamsters tested). However, in the majority of nonhaemopoietic organs HaPV DNA could not be detected. In the skin, viral DNA was observed only at the site of injection.
At 10 days p.i. weaker hybridization signals mainly in the liver indicated the beginning of a clearing phase. Until 14 days p.i. the amount of HaPV DNA in the liver decreased significantly, but to a varying extent for each animal. In three of the six hamsters tested, strong hybridization signals were detected in single spots in the liver, indicating the focal concentration of high amounts of HaPV DNA. In one hamster, viral DNA had cleared completely from the liver. Furthermore, HaPV DNA was detected in the lungs in one animal,
The haemopoietic organs did not follow the same pattern of clearance as observed with the non-haemopoietic organs. However, in contrast to the first phase of infection, till 7 days p.i., the hamsters at 14 days p.i. displayed an individual variability in the set of haemopoietic organs found to be positive for HaPV DNA. Viral DNA was detected with decreasing frequencies in spleen (in 6/6 hamsters) and lymph nodes (5/6), followed by bone marrow (4/6) and thymus (3/6). In addition to the whole body section analysis, a group of eight hamsters between 9 and 16 days p.i. was subjected to separate analysis of lymph nodes. From each animal a set of lymph nodes, which included mesenteric, maxillary, axillary and inguinal, was removed. Total DNA was extracted from the tissue specimens and subjected to HaPV-specific PCR analysis as described in Methods. HaPV DNA was consistently detected in lymph nodes of all animals, although in varying amounts (not shown). These results support our data obtained by hybridization of whole body sections.
All hamsters responded uniformly to the HaPV infection during the acute phase. As a consequence of the clearance phase, the organ-specific patterns of distribution of HaPV DNA differed from animal to animal. Remarkably different patterns could be demonstrated in the 66 hamsters subjected to whole body section hybridization between 3 and 8 weeks p.i. Gross differences were observed even between littemlates of the same age. Nevertheless, typical patterns could be distinguished: (i) hamsters affected by dynamic tumour growths, frequently in multiple locations, displayed high amounts of viral DNA in the tumours, in organs of the haemopoietic system, and frequently in non-haemopoietic organs like kidneys and lungs ( Fig. 2 A) ; (ii) in some hamsters after 6 weeks p.i. viral DNA was restricted mainly to the tumours ( Fig. 2 B) ; (iii) a third group of hamsters, apparently without viral pathology, had cleared the infection except for small amounts of HaPV DNA, detectable usually in one of the haemopoietic organs, e.g. bone marrow (Fig. 2 C) or lymph nodes.
As a result of the clearance phase the haemopoietic organs displayed different levels of viral replication. The differences were twofold: (i) in the frequencies at which a particular haemopoietic organ was found to be HaPV-positive; and (ii) in the amount of viral DNA in the respective organ. At 3 weeks p.i. HaPV DNA was detected at higher frequencies (0"8) in spleen and lymph nodes and at lower frequencies (0"5) in bone marrow and thymus. The frequencies of detection of HaPV DNA decreased with age, reaching values of 0"3 for the spleen and 0"2 for bone marrow and thymus at 8 weeks p.i. Variations from animal to animal in the intensities of the hybridization signals for the particular organs were observed. They may be due either to different amounts of HaPV DNA in the infected cells or to variations in the fraction of cells infected, or both.
Among the non-haemopoietic organs, the liver is a frequent site of development of lymphoid tumours. In 26 of the 66 hamsters tested between 3 to 8 weeks p.i. HaPV DNA was detected in focal patterns in macroscopically normal areas of the liver. In many of these cases large tumours were found either in other areas in the liver or in the mesenteric area. The frequency of detection of HaPV DNA decreased slightly with age from 0"4 at 3 weeks p.i. to 0"3 at 7 to 8 weeks p.i. Viral DNA was found in kidneys and lungs in 15 and 14 animals, respectively.
Interestingly, HaPV DNA was rarely detected in the skin. Only in 5 of the 72 hamsters examined between 14 days p.i. and 8 weeks p.i. could HaPV DNA be demonstrated in the neck area around the site of injection. This suggests that the skin epithelium is not a major site of replication of HaPV DNA in HaP hamsters. This is somewhat surprising because the skin epithelium represents the major site of HaPV replication in Z3 hamsters.
Starting at 3 weeks p.i., lymphomas were observed in the infected animals. The tumours consistently displayed high amounts of viral DNA. The mesenteric lymph nodes and the liver represented the major locations of tumour development (H. Prokoph & W. Arnold, unpublished). For each of these organs one-third of all the hamsters were affected. The tumour incidence in other locations, e.g. thymus, and other lymph nodes, was significantly lower. Frequently tumours occurred in multiple locations in the same hamster.
HaPV replication clearly displays lymphotropism in HaP hamsters
Our data obtained by hybridization of whole body sections demonstrate that the organs of the haemopoietic system represent the major sites of replication of viral DNA. Among the non-haemopoietic organs, the liver was found to be the prominent site of accumulation of HaPV DNA, followed by the kidneys and the lungs, where viral DNA was detected in significantly lower amounts and less frequently. However, the whole body hybridization technique did not allow the determination of the cell types being infected. Thus it was important to know whether the HaPV infection was specific for these organs or whether it was contributed to by cells of the haemopoietic system. To investigate the tissue specificity, in situ hybridization of histological sections was performed, allowing the detection of HaPV DNA at the cellular level. Representative tissue specimens were removed from whole body cryoblocks. Furthermore, 22 hamsters between 3 and 14 days p.i. were subjected to histological sectioning in addition to those embedded in cryoblocks. These animals and the tissue specimens derived from cryoblocks were fixed in formalin and embedded in paraffin. Sections on slides were hybridized to digoxigenin-labelled HaPV probes.
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On autoradiographs of hamsters in the postnatal period, the liver was the most prominent site of detection of viral DNA. Moreover, the liver is known to have haemopoietic activity in neonate hamsters (Fey et al., 1970) . In situ hybridization at the cell-specific level revealed that the viral infection in the neonate liver could be attributed to cells of haemopoietic origin and hepatic cells were not infected (Fig.  3 a, b) . At 3 days p.i. small groups of haemopoietic cells and lymphocytes were found to be disseminated in the liver. Between 10-30% of these cells were HaPV-positive. A similar fraction of HaPV-infected ceils was observed in haemopoietic organs, e.g. bone marrow, thymus and spleen. After 3 days p.i. the haemopoietic activity in the liver declined. From 5 to 10 days p.i., virus-infected cells in the liver were found to be dispersed as well as clustered (Fig. 3 c, d ). Using significantly reduced exposure times, whole body autoradiographs revealed a granular pattem of hybridization signals in the liver. This strongly agrees with the pattern of distribution of HaPVinfected cells detected by in situ hybridization of liver sections. The infected cells were mainly of lymphoid origin. Myeloid ceils were infrequently affected. Foci of infected cells were detected from I4 days p.i. Subsequently these foci proliferated, suggesting that they gave rise to the development of lymphoid tumour nodules (Fig. 3 e, f) . From 3 weeks p.i., the tumours began to displace the hepatic tissue. These results clearly demonstrate the lymphotropism of the HaPV replication in the liver from the postnatal acute phase to the development of lymphomas.
In situ hybridization experiments with tissue sections from 
Discussion
In order to study the tissue specificity of HaPV replication in HaP hamsters, which display the lymphoproliferative aspect of the HaPV-induced tumour spectrum, the organ-specific distribution of HaPV DNA was monitored from inoculation
with virus particles to the development of tumours. Three phases of viral replication could be distinguished: a phase of acute infection followed by a phase of viral clearance and finally the accumulation of HaPV DNA at sites of tumour development. Similar phases of viral replication have been described after inoculation of Py into newborn mice (Dubensky & Villarreal, 1984b) . The time courses of the acute and clearance phases of infection are similar in HaPV-infected hamsters and in Py-infected mice.
Several factors have been suggested to be involved in the control of Py replication in infected mice. First, the onset of the clearance phase was reported to coincide with the development of an antiviral immune response (Dubensky & Villarreal, 1984b) . Second, age-dependent, tissue-specific factors were proposed to regulate Py replication differently in neonatal and adult mice. The infected organs were classified into two groups. Class I organs (mammary gland, skin and bone) were characterized by high and moderate levels of viral replication in neonate and adult mice, respectively. Class II organs (kidney, liver and lung) displayed high-level Py replication in neonate but very low-level replication in adult mice (Wirth eta] ., 1992). Third, Villarreal (I991) proposed that the replication of viral DNA, in particular of polyomaviruses, follows two different modes depending on the state of differentiation of the infected cells, i.e. the mitotic chromatin constrained mode or the terminal mode which allows for high-level amplification of viral replicons. The induction of high-level Py replication after experimental kidney damage in regenerating renal cells supports this idea (Atencio et al., 1993) .
However, in contrast to the Py/mouse system, HaPV infection and replication displayed clear lymphotropism in HaP hamsters. For the first time, we were able to provide evidence that the HaPV replication in HaP hamsters was restricted to the haemopoietic organs and to blood cells in non-haemopoietic organs. Thus, blood tissue-specific factors, e.g. lineage and state of maturation of HaPV-infected cells, can be expected to influence the regulation of viral replication in HaP hamsters.
The currently available data do not allow us to determine at which states of differentiation blood cells are susceptible to HaPV infection and/or replication. The majority of tumours are found to be either of B cell or T cell origin or both. This was shown by Northern blot analysis with T or B cell specific probes (Mazur et al., 1994) as well as by immunohistochemical staining (P. Hauff & A. Tomschke, personal communication). Infrequently, myeloid, reticular and erythroid components were found in HaPV-induced tumours (Fey et al., 1970; Graffi et al., 1970) . Thus one may assume different haemopoietic lineages to be infected by HaPV. This is further supported by our infection studies, demonstrating HaPV infection in haemopoietic cells in the liver. In addition, HaPV-infected myeloid cells have been detected in the kidneys in some infected hamsters. Taken together, there is clear evidence for the infection of both T and B ceils. However, the currently available data do not allow for a detailed differentiation concerning their susceptibility to HaPV infection and replication of the lymphoid and other lineages, including the respective sets of precursor and maturing cells. The further characterization of HaPV-infected haemopoietic cells may help to uncover the influence of tissue-specific factors on the regulation of HaPV replication. Furthermore it would enable us to determine the specific distribution of respective populations of infected cells in the body. This may help to explain the individual variations in the organ-specific distribution of HaPV DNA in hamsters after the clearance phase. In addition, it may help to explain why spleen and lymph nodes represent the most frequent sites of detection of HaPV DNA in adult hamsters.
Beginning at 3 weeks p.i. the lymphoid tumours represented the most prominent sites of detection of HaPV DNA. Specifically deleted viral genomes had been detected in lymphomas (Scherneck et aI., 1987) . In a study focused on these lymphoma-type deleted HaPV genomes we found that their generation has already started during the postnatal phase of high-level viral replication. The development of tumours correlates with both the accumulation of lymphoma-type HaPV DNA and the loss of wild-type HaPV DNA (Prokoph et a]., manuscript in preparation).
By monitoring the distribution of HaPV DNA in HaP hamsters from the inoculation of virus particles into newborn hamsters to the main age of tumour development we have observed a remarkable conformity between the tissue specificity of viral replication and the induced tumour type. Highlevel replication of HaPV DNA was mainly restricted to lymphoid cells, which are the target for tumour induction. The second aspect of the striking tumour profile of HaPV, the development of hair follicle epithelial tumours, which represents the main tumour type in Z3 hamsters, is not observed in HaP hamsters. In accordance with this, the skin epithelium was not found to be a site of high-level HaPV replication in HaP hamsters. Consequently, the different pathways of HaPVinduced tumorigenesis, the induction of lymphomas in HaP hamsters and epitheliomas in Z3 hamsters, may be regulated on the level of tissue-specific high-level viral replication. This is supported by findings in the Py/mouse system. Py-infected mice develop tumours preferentially in class I organs that support viral replication throughout the adult stage, suggesting that tumour induction requires replication of viral DNA at elevated levels (Wirth et al., 1992) . Studies on both the tissue-specific viral replication and the generation of lymphoma-type deleted HaPV genomes should provide further insight into the mechanisms of induction of either lymphomas or epitheliomas in HaPV-infected hamsters.
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